To determine the effectiveness of nasopharyngeal cooling for selective brain cooling and neuroprotection from ischemia.
I t is well known that a decline in brain temperature of only a few degrees drastically attenuates the severity of neuronal damage if it is initiated immediately after the onset of ischemia or head trauma (1) (2) (3) (4) (5) . Randomized, controlled clinical trials recently have shown that hypothermia had beneficial effects on neurologic outcome for patients who had suffered from cardiac arrest (6, 7) . In those studies, hypother-mia was initiated at 105 mins and 30 mins after the restoration of spontaneous circulation, and an additional 6 hrs and 1.5 hrs were needed to reduce the body temperature to 32-34°C and 33°C, respectively. If hypothermia is initiated sooner after the initiation of resuscitation, the outcome may be better. However, there are several limitations to reduction of brain temperature immediately after the onset of resuscitation. First, it is difficult to lower the brain temperature in a short period by cooling techniques currently used in clinics, such as surface cooling or gastric lavage with ice-cold fluid. Second, circulation may become unstable if systemic hypothermia is initiated during resuscitation. The development of a technique that enables brain temperature to be immediately and selectively reduced without affecting systemic circulation may help to improve the beneficial effects of hypothermia.
The nasopharynx is located under the base of the brain and is adjacent to the circle of Willis and the common carotid, internal carotid, vertebral, and anterior spinal arteries. Since cerebral circulation originates from the base of brain, it is thought that cooling of the nasopharynx could reduce the brain temperature by cooling the arterial blood without the need for a surgical procedure. In 1991, nasopharyngeal cooling was used in dogs (8) . However, since that report was only published in abstract form, details of the experimental setting, such as flow rate and temperature of the fluid, are unknown. The authors of that report concluded that nasopharyngeal cooling has only an adjunctive effect on lowering of brain temperature. In 1992, attempts to lower brain temperature by blowing oxygen gas into the nasopharynx were made in three patients (9) . However, since the heat capacity of gaseous oxygen is much lower than that of blood, this technique is unlikely to be successful in cooling the brain. Actually, the brain temperature was not lowered at all, and the author concluded that nasopharyngeal cooling is not effective for reducing brain temperature. Thus, the effectiveness of nasopharyngeal cooling has not been adequately evaluated (8, 9) . To the best of our knowledge, a systematic experiment aiming to determine the effects of nasopharyngeal cooling on brain temperature with the use of cold saline has not been performed.
We have estimated the duration of ischemic depolarization necessary for causing 50% neuronal damage using a two-vessel occlusion model in gerbils and have shown that the neuroprotective effect at 31°C is about three times greater than that at 34°C and that neuronal cells can withstand 70% and 190% longer durations of ischemia at 34°C and 31°C, respectively, than at 37°C (10) . Therefore, although a target temperature of 34°C is preferable in a clinical situation, we aimed to decrease the brain temperature to 31°C in the present study.
The present study was designed to evaluate the safety and effectiveness of nasopharyngeal cooling for lowering brain temperature to 31°C by infusing cold saline. In the first series of experiments, we compared changes in epidural, hippocampal, jugular venous, and rectal temperatures and in cerebral blood flow and ratio of oxygen extraction from arterial blood in groups of nonischemic rats subjected to nasopharyngeal cooling and whole body cooling. Histologic observation was performed in the hippocampus at 7 days after the cooling. In the second series of experiments, effects of nasopharyngeal cooling on neuronal damage and on systemic circulation after the onset of cardiac resuscitation were evaluated using a cardiac arrest rat model. Recovery of mean arterial blood pressure and histologic outcome at 7 days after cooling were compared in the normothermic and nasopharyngeal cooling groups.
METHODS
Twenty-eight male Wistar rats (Charles River Japan, Yokohama, Japan), weighing 307 Ϯ 20 g, were used in this study. The animals had free access to water and were fed ad libitum before the experiments. All experiments were performed in accordance with the National Institutes of Health Animal Care Guidelines and were approved by the Animal Research Control Committee of Okayama University Medical School.
General Procedures
Anesthesia was induced with a mixture of 3% halothane in oxygen. Following oral tracheal intubation, anesthesia was maintained by artificial ventilation (SN-480-7; Shinano, Tokyo, Japan) with 1% halothane in 30% oxygen balanced with nitrogen. A polyethylene catheter (PE50) was placed in the right femoral artery for continuous mean arterial blood pressure monitoring and blood sampling. Blood gases were measured (ABL4; Radiometer, Copenhagen, Denmark) and maintained within the normal range during the experimental period. A polyethylene catheter (PE10) was placed in the right retromandibular vein for the sampling of external jugular venous blood. Following placement in a stereotaxic apparatus (Narishige, Tokyo, Japan), a laser Doppler flow probe (EG, Neuroscience, Tokyo, Japan) was placed on the dura 3 mm to the right of the sagittal line and 4 mm posterior to the bregma for continuous monitoring of changes in cerebral blood flow (ALF2100, Advance, Tokyo, Japan) (11) . The laser Doppler flow probe, made of flexible plastic, was fixed with the use of dental resin for stable acquisition of data during resuscitation that was performed in the supine position in study 2. Rectal, epidural, hippocampal, and jugular venous temperatures were simultaneously measured. Rectal temperature was measured at a depth of 6 cm from the anus (12) and was maintained at 37.0 Ϯ 0.5°C using a water blanket and an infrared lamp. Epidural temperature was measured with the use of a small thermocouple (diameter 500 m) placed above the left parietal cortex. Left hippocampal temperature was measured by placing a small thermocouple in the CA1 region according to the reported brain atlas (13) (4 mm posterior to the bregma, 3 mm left of the sagittal line, and 2.5 mm below the cortical surface). The jugular venous temperature was measured without interrupting the bloodstream by placing a small thermocouple in the left retromandibular vein. All small incisions in the scalp were sutured, and all leads were pulled out from the neck incision to avoid artifacts in the measurements of regional temperatures.
Study 1: Effects of Nasopharyngeal Cooling on Cerebral Blood Flow and Brain Temperature
We compared the speeds of brain cooling and effects of brain cooling on cerebral blood flow and arterial blood pH in the nonischemic rats in the nasopharyngeal cooling and whole body cooling groups (n ϭ 7 in each group). Oxygen extraction ratios in the head region also were compared with simultaneous measurements of oxygen content in arterial blood and external jugular venous blood. In the rats in the nasopharyngeal cooling group, 20gauge cannulas were inserted into both nasal cavities to a depth of 5 mm. Since the rate of brain cooling reached a ceiling level at a cold physiologic saline infusion rate of 100 mL·min Ϫ1 ·kg body weight Ϫ1 in a pilot study, cold physiologic saline (5°C) was infused at a rate of 100 mL·min Ϫ1 ·kg body weight Ϫ1 using a roller pump until the hippocampal temperature had decreased to 31°C. A cotton ball was placed in the lower pharynx and a suction device was placed for drainage, so as not to cause aspiration of saline. During the experimental period, the rectal temperature was maintained at 37.0 Ϯ 0.5°C using a heated water blanket and an infrared lamp. In the whole body cooling group, body temperature was reduced using a fan and a water blanket (5°C) until the hippocampal temperature had reached 31°C. To increase the efficacy of reduction in body temperature, a cold water blanket was wrapped around each animal. In both experimental groups, the objective temperatures were maintained for 10 mins, and then rewarming was initiated with the use of heated water blanket and an infrared lamp. Histologic observation of the hippocampus was performed 7 days after the cooling.
Study 2: Effects of Nasopharyngeal Cooling on Cardiac Resuscitation and Neuroprotection
To determine the effect of nasopharyngeal cooling on neuronal damage following cardiac arrest and the effect of nasopharyngeal cooling on systemic circulation after the initiation of cardiac resuscitation, nasopharyngeal cooling (31°C for 20 mins) was simultaneously initiated with the onset of resuscitation following 5 mins of ischemia (nasopharyngeal cooling group, n ϭ 7; normothermic group, n ϭ 7). Ischemia was initiated by occluding major cardiac vessels according to the method originally described by Korpatchev et al. (14) and Kawai et al. (15) . In brief, rats were artificially ventilated and placed in a supine position. An L-shaped wire was inserted into the mediastinum at the level of the second intercostal space. Ischemia was initiated by retracting and obstructing the major cardiac vessels (including the aorta) with use of the L-shape wire. Ischemia was confirmed by loss of arterial pulsation and cessation of cerebral blood flow. In a preliminary study, it was confirmed that an electrical cardiogram shows ventricular fibrillation within 2 mins after the onset of ischemia. Five minutes after the onset of ischemia, cardiac massage was initiated by compressing the sternum (300 beats/min) using the index and middle fingers. In accordance with the original method, sodium bicarbonate (1 mEq/mL, 0.4 mL) and heparinized physiologic saline (10 units/mL, 0.4 mL) were administered via the right femoral vein. The rectal temperature was maintained at 37.0 Ϯ 0.5°C in both nasopharyngeal cooling and normothermic groups during the period of ischemia and for 1 hr after the onset of resuscitation. Histologic evaluation was performed at 7 days after the ischemic insult. In the present experiment, all rats were successfully resuscitated and survived for 7 days without showing abnormal behavior, such as seizures and appetite loss.
Histologic Evaluation
All animals were deeply anesthetized with pentobarbital for perfusion-fixation. After insertion of a cannula into the ascending aorta through the left ventricle, each animal was perfused by heparinized physiologic saline (20 /mL) and 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Following in situ fixation for 2-4 days, the brain of each animal then was removed, paraffin-embedded, and sectioned coronally (5 m in thickness) at the levels of cerebral blood flow measurement. The sections then were stained with hematoxylin-eosin. Damage in the hippocampus was histologically examined, and the number of injuries appearing in pyramidal neurons in the CA1 region was counted by an observer who was blinded to the study protocol. In the present study, pyramidal neurons containing aggregated chromatin in the nucleus and showing shrinkage or eosinophilic staining in the cytoplasm were considered to be "injured."
Statistical Analysis
Values are expressed as mean Ϯ SD. Blood gases and pH were measured using ␣-stat. All statistical comparisons were performed with the use of Student's t-test or analysis of variance followed by Fisher's protected least significant difference for multiple comparisons. A level of p Ͻ .05 was considered to be significant in all statistical tests.
RESULTS

Study 1
Before cooling, the values of physiologic variables were maintained within normal ranges (Table 1) . During hypothermia, however, arterial pH was slightly reduced in the whole body cooling group compared with that in the nasopharyngeal cooling group (p ϭ .01). Since the PaCO 2 level was unchanged during hypothermia, the decrease in pH indicates the occurrence of metabolic acidosis.
Changes in Temperatures. Changes in rectal, left hippocampal, epidural (left parietal region), and left jugular venous temperatures were continuously monitored and are shown in Figure 1 . With the initiation of nasopharyngeal cooling, the jugular venous temperature showed a sharp decline within 1 min and reached 31°C at 3.9 Ϯ 1.2 mins after the onset of cooling. The epidural and hippocampal temperatures then simultaneously started to decrease and reached 31°C at 5.9 Ϯ 1.3 and 7.0 Ϯ 1.6 mins after the onset of cooling, respectively. During the 10-min hypothermic period, the epidural temperature was lower (by 1.0 Ϯ 0.9°C) than the hippocampal temperature (p ϭ .02) at maximum. During the initiation of nasopharyngeal cooling, the rectal temperature was maintained within the nor- In the nasopharyngeal cooling group, brain temperatures were reduced without a decrease in rectal temperature. The time required for the hippocampal temperature to decrease to 31°C in the nasopharyngeal cooling group was 4.9 times faster than that in the whole body cooling group. *p Ͻ .05 compared with hippocampal temperature. Cerebral Blood Flow and Ratio of Oxygen Extraction From Arterial Blood in the Head Region. By lowering the hippocampal temperature to 31°C, cerebral blood flow was similarly decreased to 82 Ϯ 8% and 84 Ϯ 15% of the control levels in both the nasopharyngeal cooling and whole body cooling groups, respectively (Fig. 2) . The ratios of oxygen extraction from arterial blood in the head region were decreased from 20 Ϯ 5% and 19 Ϯ 4% to 12 Ϯ 6% (p ϭ .0005) and 10 Ϯ 4% (p Ͻ .0001) in the nasopharyngeal cooling and whole body cooling groups, respectively.
Histologic Observation. No histologic damage was observed in the hippocampus at 7 days after nasopharyngeal cooling and whole body cooling.
Study 2
The values of physiologic variables obtained before ischemia and at 1 hr after the onset of resuscitation are shown in Table 2 . The values of all variables were maintained within normal ranges. Hook-ing up the major cardiac vessels caused a sudden decrease in mean arterial blood pressure (11 Ϯ 2 mm Hg) and eliminated the pulsation from the arterial vessels. Five minutes later, chest compression (300 beats/min) was initiated in the normothermic and nasopharyngeal cooling groups, and nasopharyngeal cooling was simultaneously performed in the latter group. The chest compression increased the mean arterial blood pressure to 34 Ϯ 6 mm Hg and 40 Ϯ 6 mm Hg in the normothermic and nasopharyngeal cooling groups, respectively (p ϭ .11, between the two groups). Within 1 min, the heart beats in all animals had recovered regardless of the initiation of nasopharyngeal cooling, and the mean arterial blood pressure reached 60 mm Hg at 8 Ϯ 0 mins (normothermic group) and 9 Ϯ 2 mins (nasopharyngeal cooling group) after the onset of resuscitation. There was no significant difference between the two groups (p ϭ .53).
Changes in Cerebral Blood Flow and Brain Temperature. As shown in Figure  3 , at 5 mins after the onset of ischemia, the hippocampal temperature had decreased by 1.3 Ϯ 0.4°C in both groups due to the absence of cerebral blood flow. In the nasopharyngeal cooling group, hippocampal temperature reached 31°C at 4.3 Ϯ 0.8 mins after the onset of cooling, which was significantly shorter than that observed in study 1 (7.0 Ϯ 1.6 mins, p ϭ .002). With the initiation of resuscitation, the rats in both groups simultaneously showed reactive hyperemia, reaching 177 Ϯ 35% of the preischemia level for 12 Ϯ 2 mins in the normothermic group and 121 Ϯ 23% for 19 Ϯ 4 mins in the nasopharyngeal cooling group. The nasopharyngeal cooling group showed lower (p ϭ .0086) and longer duration (p ϭ .0009) of hyperemia than those in the normothermic group.
Histologic Outcome. Histologic observation, performed 7 days after the ischemic insult, revealed histologic changes in pyramidal neurons in the CA1 region of the right hippocampus (Fig. 4) . The injured neurons had pyknotic nuclei and showed shrinkage and eosinophilic staining of the perikaryon. Infiltration of reactive glia was observed frequently around the injured neuron. As shown in Figure 5 , the percentage of injured neurons among the pyramidal cells of normal appearance was significantly reduced in the nasopharyngeal cooling group (33 Ϯ 21%) compared with that in the normothermic group (73 Ϯ 11%, p ϭ .0009 ).
DISCUSSION
The present study demonstrated that brain temperatures of rats were selectively lowered by the initiation of nasopharyngeal cooling without change in the systemic (rectal) temperature. The hippocampal temperature was reduced to 31°C at 7.0 Ϯ 1.6 mins after the onset of cooling. This time was 4.9 times shorter than that observed in the whole body cooling group. In the second study, the histologic outcome was significantly improved in the nasopharyngeal cooling group compared with that in the normothermic group, even though the cooling was initiated 5 mins after ischemia at the onset of resuscitation. These results suggest that this technique has the potential to attenuate ischemic neuronal damage by lowering the brain temperature in a short period without changing body temperature.
A resuscitated heart, especially a resuscitated heart after myocardial infarction, is electrically unstable and frequently causes lethal arrhythmias, such as ventricular fibrillation or ventricular tachycardia, even if body temperature is maintained in a normal range. Since systemic hypothermia increases the risks of QT prolongation and arterial and ventricular dysrhythmias (16) , circulation may become unstable if systemic hypothermia is initiated during resuscitation. In the present study, nasopharyngeal cooling was initiated at the same time as the onset of cardiac resuscitation. However, the time required for mean arterial blood pressure to recover to 60 mm Hg after the onset of resuscitation was un-changed. Since brain temperature was selectively reduced without a decrease in systemic temperature and since the decrease in blood pH was significantly less than that observed in the whole body cooling group, it seems that nasopharyngeal cooling does not affect systemic circulation, even if it is initiated during resuscitation. Nasopharyngeal cooling may shorten the onset latency of hypothermia after the onset of brain ischemia. Several techniques for the initiation of selective brain cooling have been reported. These techniques are categorized into two types: surface cooling and hematogenous cooling techniques. For surface cooling, ice packs (17) or a cooling cap filled with a Ϫ30°C solution (18) have been used to cover the scalp surface. Although these techniques are relatively easy to perform, cold fluid may cause chilblain on the scalp and cranial bone (19) . Moreover, since the reduction in subcortical temperatures is less than that in cortical temperature, vulnerable regions, such as the hippocampus and striatum, may not be as well protected. In contrast, hematogenous cooling has been performed using femoral-carotid bypass in which returning blood was cooled to 24°C (20) . This technique enables homogeneous reduction in brain temperature but is more invasive and requires special training. In the present study, jugular venous temperature was initially decreased when nasopharyngeal cooling was performed, and epidural temperature was lower than the hippocampal temperature (p ϭ .02) during the hypothermic period. Since the epidural region is the most distal region from the nasopharynx and since arterial blood distributes to the cortical surface before perfusing the cortical tissue, the fact that the epidural temperature was lower than the hippocampal temperature indicates that nasopharyngeal cooling hematogeneously reduces brain temperature.
Although the present experiment showed that nasopharyngeal cooling is effective for reducing brain temperature in rats, the effectiveness of this method in humans has not been proven. Also, there are several limitations in the interpretation of results for using this method in a clinical situation. First, since there are several anatomical differences between rats and humans (e.g., cerebral blood flow, distance from the nasopharynx to the brain, and the area in which heat exchange is carried out), the infusion rate at which maximum efficacy for brain cooling was achieved in the rats (100 mL·min Ϫ1 ·kg weight Ϫ1 ) may be different in humans. Second, if an infusion rate of 100 mL·min Ϫ1 ·kg weight Ϫ1 is used in humans, 5000 -7000 mL/min of cold saline must be supplied and drained in an emergency room where resuscitation is performed. Development of a new device that enables recirculation of cold saline in the nasopharyngeal region may be needed to solve this problem. Third, in the present experiment, halothane (1%) was used as an anesthetic. Since it is thought that nasopharyngeal cooling hematogeneously reduces brain temperature, the vasodilative action of halothane may have emphasized the effect of nasopharyngeal cooling. However, during resuscitation, cerebral vessels are already dilated maximally due to intracerebral acidosis. Therefore, the vasodilative effect of halothane used in the present experiment may have been negligible.
When a large amount of ice cream is eaten in a short period of time, people sometimes experience a severe headache, which is called ice cream headache syndrome. This headache is thought to be related to the reduction in cerebral blood flow due to a decrease in the temperature of arterial blood (21) . Although ice cream headache syndrome does not cause neuronal damage by itself, it is not clear whether extensive and continuous cooling of the nasopharynx injures neuronal cells due to a reduction in cerebral blood flow. In the present study, cerebral blood flow was reduced to 82 Ϯ 8% of the control level during nasopharyngeal cooling. This rate of reduction was similar to that in the whole body cooling group (84 Ϯ 15%, p ϭ .4). Moreover, in the present study, balance of oxygen supply and demand in the brain was estimated by oxygen extraction ratio in the head region ([oxygen content in arterial blood Ϫ oxygen content in jugular venous blood]/ oxygen content in arterial blood). Since jugular venous blood contains blood that has circulated in the extracranial region, the ratio of oxygen extraction from arterial blood does not accurately represent the condition of oxygen delivery in the brain. However, the large decrease in the ratio of oxygen extraction during nasopharyngeal cooling (60% of the control level, p ϭ .0005) strongly indicates that oxygen availability was well preserved during nasopharyngeal cooling. Since oxygen demand is attenuated during hypothermia and since cerebral blood flow is controlled by autoregulation, the decrease in cerebral blood flow in the present study seems to indicate that autoregulation is well preserved during nasopharyngeal cooling.
In the second series of experiments, neuronal damage in the CA1 region was significantly attenuated in the nasopharyngeal cooling group, even though it was initiated following 5 mins of ischemia (at the onset of resuscitation). One possible mechanism of the neuroprotection is attenuation of reactive hyperemia. As shown in Figure 3 , the nasopharyngeal cooling group showed a significantly (p ϭ .0086) lower and a significantly (p ϭ .0009) longer duration of reactive hyperemia than those in the normothermic group. Since permeability of the bloodbrain barrier is increased during reactive hyperemia due to the increase in reactive oxygen species (22) and since it has been reported that the attenuation of reactive hyperemia is related to the amelioration of histologic outcome following transient global ischemia in gerbils (23), the attenuation of reactive hyperemia due to the sharp decline in brain temperature to 31°C may have played an important part in the amelioration of histologic outcome in the nasopharyngeal cooling group.
Another possible mechanism of neuroprotection in the nasopharyngeal cooling group is attenuation of neuronal damage during the period of recovery of the membrane potential. Recently, Takeda et al. (10) and Li et al. (24) in our laboratory showed by using logistic regression analysis that there is a close relationship between duration of ischemic depolarization and severity of neuronal damage and that 88% of the neuroprotective effects of hypothermia at 31°C are due to the suppression of neuronal damage during ischemic depolarization. Since the rate of increase in [Ca 2ϩ ] i during ischemia can be attenuated by hypothermia (25) , initiation of hypothermia during membrane depolarization may suppress uncontrolled activations of phospholipase, protease, and protein kinase, leading to accumulation of arachidonic acid (26) , collapse of cytoskeletal elements (27) , and release of neurotransmitters (28) . Although membrane potential was not monitored in the present study, the sharp decline in brain temperature to 31°C at 4.3 Ϯ 0.8 mins after the onset of nasopharyngeal cooling may have caused the attenuation of neuronal damage during the period of recovery of the membrane potential, since it has been shown that it takes 10 mins for neuronal cells to recover their membrane potentials following 10 mins of two-vessel occlusion in gerbils (10) .
In summary, the effectiveness of nasopharyngeal cooling for reducing brain temperature was evaluated. Brain temperatures (i.e., epidural and hippocampal temperatures) were lowered 4.9 times faster than those in the whole body cooling group without unphysiologic constriction of cerebral vessels. Brain temperature was selectively lowered by nasopharyngeal cooling without decreases in systemic temperature and arterial pH. In the second series of experiments, the histologic outcome was significantly ameliorated in the nasopharyngeal cooling group without a delay in the recovery of blood pressure, even though the cooling was simultaneously initiated at the onset of cardiac resuscitation. These observations suggest that this cooling method has the potential to attenuate ischemic damage by rapidly and selectively lowering brain temperature in the very acute phase of resuscitation without disturbing the recovery of systemic circulation. 
